We studied shock-darkening in ordinary chondrites by observing the propagation of shock waves and melting through mixtures of silicates, metals and iron sulfides. We used the shock physics code iSALE at the mesoscale to simulate shock compression of modeled ordinary chondrites (using olivine, iron and troilite). We introduced FeSFeNi eutectic properties and partial melting in a series of chosen configurations of iron and troilite grains mixtures in a sample plate. We observed, at a nominal pressure of 45 GPa, partial melting of troilite in all models. Only few of the models showed partial melting of iron (a phase difficult to melt in shock heating) due to the eutectic properties of the mixtures. Iron melting only occurred in models presenting either strong shock wave concentration effects or effects of heating by pore crushing, for which we provided more details. Further effects are discussed such as the frictional heating between iron and troilite and the heat diffusion in scenarios with strongly heated troilite. We also characterized troilite melting in the 32-60 GPa nominal pressure range. We concluded that specific dispositions of iron and troilite grains in mixtures allow for melting of iron and explain why it is possible to find a wide textural variety of melted and unmelted metal and iron sulfide grains in shockdarkened ordinary chondrites. We finally observe shock-melting of albite within a few iron and troilite grain models, and investigate the effects of higher porosity within the olivine matrix in the single iron and troilite grain models.
Introduction
Shock-darkening in ordinary chondrites is the result of melting of iron sulfides and metals forming networks of tiny melt veins within silicates (Heymann, 1967; Pieters, 1989, 1994; Keil et al., 1992) . These veins render the material darker and alter the reflectance spectra (Kohout et al., 2014) . In shock-darkened meteorites, silicates can melt to form melt pockets and/or mix with the iron sulfides and metals, but the amount of silicate melt typically remains small.
In Moreau et al. (2017) , we studied the effects of shock compression in ordinary chondrites using the iSALE shock physics code (Wünnemann et al., 2006) to assess the pressure range for shock-darkening. We used a so-called mesoscale approach that resolves sub-mm individual grains of metals and iron sulfides in ordinary chondrites. In that study we suggest that shock-darkening occurs between 40 GPa and 50 GPa with the exclusive melting of iron sulfides. However, several studies (Stöffler et al., 1991; Schmitt, 1995 Schmitt, , 2000 Xie et al., 2014) claim that shock-darkening can involve melting of metals as well.
Though it is known that metallic iron is difficult to melt by shock compression (Brown et al., 1984; Ahrens et al., 1998) , several alternative mechanisms are possible to induce melting of metals and other phases within a shock physics mesoscale modeling approach using iron (kamacite), troilite, olivine and albite:
1. The eutectic temperature of FeNi + FeS is very low (Mare et al., 2014) ; these are mixed together in many ordinary chondrites (e.g. Tomkins, 2009 ). 2. Frictional heating (e.g. Stöffler et al., 1991; van der Bogert et al., 2003 ) is a mechanism that causes localized melting at material boundaries or between cracks. In mesoscale models, usually, only internal friction is considered. In this work we try to observe situations where frictional heating may occur along material interfaces. 3. Heat diffusivity is an important effect after shock. Because the iSALE mesoscale modeling does not consider heat diffusion after shock, in this work we only provide temperature contrasts between iron and troilite. We also touch on the heating of olivine or albite, because they can either act as a heat source or sink for iron or troilite. 4. Metal grain shapes were studied in Moreau et al. (2017) and promising results were found with respect to the grain elongation in iron grains. In this study we investigate this effect on mixtures of metals and iron sulfides. 5. Pore crushing is a mechanism that generates very localized heating (Güldemeister et al., 2013 ). We will investigate this effect on iron in more details and see how it influences its melting. 6. Porosity affects the post-shock heating of a given phase. We investigate porosity in olivine (representing the silicate coarse-grained matrix) at 6% porosity (considering, e.g., ordinary chondrites of high petrographic types or intermediate shock stages, Consolmagno et al., 1998 , Consolmagno et al., 2009 ). In addition we investigate 15% porosity in olivine (which corresponds to the upper range of measured or modeled porosities in ordinary chondrites; Consolmagno et al., 1998 , Britt et al., 2002 , Britt and Consolmagno, 2003 , Sasso et al., 2009 , Consolmagno et al., 2009 . Such porosities are representative for ordinary chondrites that have been processed (shock compacted, or thermally metamorphosed) since the formation of the early Solar System. Such material likely experienced multiple shock events in the course of their evolution. However, precursors of ordinary chondrites show very high porosities (Bland et al., 2014 and references therein) , which is why we also investigate the effect of 60% porosity in olivine on the temperatures contrast with iron or troilite inclusions. 7. Plagioclases are low density minerals, showing high impedance contrasts with the surrounding materials (here: olivine, iron, troilite). We investigate the effects of shock wave propagation between albite and the aforementioned materials, and the heating of albite as a source or sink for heating. Albite is often found conjointly melted with metals or iron sulfides (Figs. 1 and 2 in Tomkins et al., 2013 for metals)
By improving the iSALE mesoscale modeling code, we are able to investigate the effects of eutectic mixtures, grain shapes, and pore crushing more quantitatively. We improve thermal properties such as the heat capacities as a function of temperature in the determination of post-shock temperatures, which was considered as a constant in previous studies (Artemieva and Ivanov, 2005; Fritz et al., 2005 ; used in e.g. Meyer et al., 2011; Moreau et al., 2017) . We also make a simple approach to consider the heat of fusion upon melting. With this improvement we expect to estimate the melt fractions and post-shock temperatures of the materials more accurately. With the new procedure, we will focus in detail on grain configurations found in ordinary chondrites at small scales (generally below 100-200 μm), thus applying the model to mixtures of metals and iron sulfides, and adjoining open pores in some models. In addition, we provide more insights into effects of shock wave propagation, how a shock wave interacts with phase interfaces (impedance contrasts), and how it can be concentrated by the geometry of the grains to enhance pressures (localized heating).
Methods
We present a suite of models of shock compression in several grain configurations of heterogeneous materials mimicking ordinary chondrites composition at the micrometer scale (mesoscale). We study the partial melting of phases associated with the increase in entropy by the shock wave, the reflection and refraction of shock waves at mineral phase boundaries, and the effects of localized heating (hotspots) due to pore crushing (Güldemeister et al., 2013) . We use the iSALE-2D shock physics code (Wünnemann et al., 2006) , which is based on the SALE hydrocode solution algorithm (Amsden et al., 1980) . To simulate hypervelocity impact processes in solid materials, SALE was modified to include an elastic-plastic constitutive model, fragmentation models, various equations of state (EoS), and multiple materials (Melosh et al., 1992; Ivanov et al., 1997) . More recent improvements include a modified strength model (Collins et al., 2004 ) and a porosity compaction model (Wünnemann et al., 2006; Collins et al., 2011) .
We use a planar 2-D Eulerian frame of reference (Collins et al., 2013) to conduct mesoscale simulations of shock wave propagation. Analogous to so-called shock recovery experiments (e.g. Deutsch, 1994, Langenhorst and Hornemann, 2005) , we generate the shock wave by impacting a flyer plate on top of a series of layers: the buffer plate, the sample plate, and a secondary buffer plate. This approach has been previously used to describe shock propagation in heterogeneous materials by e.g. Crawford et al. (2003) , Ivanov (2005) , Riedel et al. (2008) , Borg and Chhabildas (2011) , Güldemeister et al. (2013) , Bland et al. (2014) , Davison et al. (2016) and Moreau et al. (2017) . The model setup is identical to the setup used in Davison et al. (2016) and Moreau et al. (2017) where details are provided on the method and numerical setup. The flyer plate and sub-layers are made of olivine with the heterogeneities such as inclusions of different mineral phases or open pores embedded in the olivine sample plate. The flyer plate impacts the sub-layer at a given velocity, which generates a constant pressure (nominal pressure) into olivine. Materials used in this study, which are the main components of ordinary chondrites, are:
1. olivine, using the Analytical Equations of State (ANEOS, Thompson, 1990; Melosh, 2007) available in the iSALE code. Olivine was used as the silicate matrix material, including pyroxenes (similar to olivine in shock properties, Moreau et al., 2017) . In the olivine sample plate, inclusions composed of the following materials are embedded: 2. iron (ANEOS) as the FeNi alloy kamacite in grains and, 3. troilite, using Tillotson equations of state with parameters described in Moreau et al. (2017) , as the iron sulfide, in grains. 4. albite, using Tillotson equations of state, as the plagioclase. We describe the generation of the Tillotson equations of state similar to that used in Moreau et al. (2017) , and the setting of other properties for albite in the Supplementary Material (McQueen et al., 1967 , Melosh, 1989 , Trunin, 2001 , Benusa et al., 2005 . We use albite as inclusion in some specific models.
All material parameters are listed in Table A1 (see Supplementary Material). We use a cylindrically symmetric grid in the models where the configuration of heterogeneities allows for it. In models, where the geometry and configuration of heterogeneities is asymmetric, we utilize a planar grid. A cylindrical grid better approximates 3-D effects on the convergence of shock waves, e.g. when pores collapse and pressure peaks are generated (Güldemeister et al., 2013) . More details are given in the Supplementary Material on the use of cylindrical symmetry and resulting issues.
To simplify the setup of complex configurations of arbitrary grain shapes and pores, the iSALE code offers the possibility to use predefined images of the distribution and geometry of inclusions and pores that can be generated manually by any image processing software. Bitmaps (BMP-files), where the RGB-value defines different materials, can be loaded into iSALE to setup the model.
The suite of 20 models we have carried out for this study contains different configurations of troilite and iron grains, listed in Table 1 with their respective geometry, resolution, information on the mixture, and modeling parameters. These configurations are comparable to real grain configurations of meteorites. In Fig. 1 we compile a series of snapshots from meteorite backscattered electron microscope images depicting metal and iron sulfide grains to which we associate the corresponding 20 models. Some of these snapshots depict grains that are a result of shock melting, but a meteorite can record several shock events and, thus, any configuration can be present during shock compression. In Table 1 , in addition to the 20 models, we describe 6 other models (21-26) which include an albite layer, an albite grain, and 4 configurations of models no. 1 and no. 5 with a half grain of albite. We compile models 21-26 sample plates in Fig. 2. 
Peak shock pressure recording
Peak shock pressures are recorded within Lagrangian tracers. The displacement of tracers is calculated by the material flux through the cell faces . To assess post-shock temperatures, we use the maximum pressure each tracer experiences during the passage of the shock wave. Care has to be taken as the shock-induced increase in entropy is lower if it is caused by a multiple shock wave (ramping up the shock pressures as in reverberating shock experiments, Langenhorst and Hornemann, 2005; Prescher et al., 2011) rather than by a single shock wave, if both shocks attain the same final pressure. Because reflections happen at boundaries between materials of different densities (impedance contrasts), we determine the average between the pressure of the first shock wave and the superimposing subsequent pressure pulses, in the tracers, to approximately account for reverberation effects. The biggest increase in entropy usually results from the first shock wave and subsequent reflections give only a minor contribution to the increase in entropy. In early tests we found a decrease of, e.g., ∼60 K and ∼ 4 GPa in troilite using the peak shock pressures average out from a reflection from iron to troilite in model no. 8. Although this is a rather crude approach, we use this method to estimate the post-shock temperature in the present study and we consider our approach to be sufficiently accurate. However, we account for localized shock pressure amplification due to the closure of pores (models 19-20) as described in Güldemeister et al. (2013) by considering only the last recorded peak shock pressure from reflections.
Thermal properties and post-shock temperatures
As stated above we use the peak shock pressures recorded in tracers to estimate post-shock temperatures. We do not rely on post-shock temperatures given by the EoS in iSALE for several reasons: first, we had to use different EoS (Tillotson and ANEOS as described above), and temperature estimates from Tillotson EoS tends to be inaccurate. Second, we take into account that thermodynamic properties such as the heat capacity are a function of temperature, whereas in the Tillotson EoS, heat capacity is considered as a constant. Third, we consider the heat of fusion at melting, which is not accounted for in both Tillotson EoS and ANEOS.
To assess post-shock temperatures, the peak shock pressures are first converted to a total energy E total (J kg −1 , the specific energy) at the shock stage and after the subsequent release; the procedure is described in Moreau et al. (2017) and references therein. This technique provides a good approximation of the total specific energy E total , except the discussed inaccuracies in Moreau et al. (2017) . For each material we integrate the heat capacities as a function of temperatures (iron, Desai, 1986 ; troilite, Chase, 1998; olivine, Gillet, 1991; albite, Hemingway et al., 1981) up to the melting point to assess 
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post-shock temperatures with better accuracy. We also include the heat of fusion at the melting point (iron, metallurgical value; troilite, Sharp, 1969; olivine, Kojitani and Akaogi, 1995, albite, Tenner et al., 2007) to estimate the amount of partial melting of each material and to avoid over-estimation of temperature at the melting point. Using the energies involved in shock compression we determined three phases to calculate the post-shock temperature (T post-shock ) and melt fraction (α): ( 1) which is the first phase of temperature increase until the melting point T melt where c p are the heat capacities (J kg
) of the material at temperature T. To obtain the post-shock temperature T 1 , the specific energy E total is divided by the average of all heat capacities; the averaged heat capacities are determined for each ΔT interval, starting from T 0 (equal to 293 K, Moreau et al., 2017) , until their sum approaches the E total value (right hand-side of Eq. (1)). T 1 corresponds to the temperature increase up to the onset of melting. Fig. 1 . Compilation of all 20 models without albite. Each duo of figures represents: a) a snapshot from a backscattered electron microscope thin section, b) the initial sample plate used in the models and material within (BMP file) determined by the upper-left color codes. All models numbers are the same as in Table 1 . The red dashed-boxes in the snapshots emphasize the areas of interest that can compare with the models. In the backscattered electron microscope snapshots metals are brighter than iron sulfides within the darker silicate matrix and empty pores (black). Scales (white lines) and origins of the chondrite snapshots are: Annama H5 (3, 4, 19, 20 , at 118 μm), Chantonnay L6 (1, at 40 μm; 2, at 76 μm; 5, at 43 μm; 10-12, at 102 μm), and Supuhee H6 (7-9, at 125 μm; 13, 15, at 148 μm; 14, 16, at 57 μm) ordinary chondrites. Models no. 6 and no. 18 snapshots originate from an enstatite chondrite (Sahara 97072, EH3, Lehner et al. 2010, modified, scale unknown) . Though some of these configurations are products of shock or thermal effects, meteorites can record several shock events and such grains can be found in any meteorite prior to such events. The shock wave propagation direction is indicated by the black arrow in the first model sample plate. which is the second phase of partial melting. The excess of integrated specific energy over the melting point, once the melting point is reached in Eq. (1), is divided by the heat of fusion (J kg −1
), H f , to obtain the fraction of melt α. There is no rise of temperature during this phase as the remaining specific energy is consumed by melting of matter.
is the third phase if complete melting is achieved (α = 1). The increase of temperature T 2 is simply given by the remaining specific energy from Eqs. (1) and (2) divided by a constant heat capacity above the melting point (no varying heat capacity of liquid material is considered). The material does not necessarily reach the second or third phase.
is the total post-shock temperature of the material from Eqs. (1) and (3) to which is added the initial temperature of the model, T 0 . The multiplications by ΔT in Eqs. (1)- (3) , H, L and LL ordinary chondrites average, Mare et al., 2014) and melting temperature (1261 K, Sharma and Chang, 1979; Tomkins, 2009; Mare et al., 2014) for iron and troilite. For both iron and troilite, in Eq. (1), T melt is replaced by the eutectic melting temperature and, in Eq. (2), H f is replaced by the eutectic heat of fusion. We varied heat capacities over temperature for iron and troilite equal to the non eutectic materials, but only up to the eutectic melting temperature. The reason we treat troilite and iron separately, regarding their heat capacities, is because their different impedances affect the shock wave propagation and respective shock-induced increases in entropy. This is why we do not express the partial melting in the results as a percentage of the whole mixture, but for individual phases only. This is certainly a very simplified approach to account for the eutectic thermal properties of material mixtures, but it provides first-order estimates to assess the importance of this process.
Strength of materials
Our study relies on peak shock pressures to determine post-shock temperatures and we neglect temperature increase due to plastic work resulting from the closure of pores in the mesoscale models, where individual pores are resolved. However, we do use a strength model to account for a more realistic description of the response of materials to shock wave compression and the resistance of pores to be crushed. We briefly discuss the minor effect of strength on peak shock pressures in the Supplementary Material.
Troilite and albite
We use the von Mieses criterion for troilite (using pyrrhotite Hugoniot elastic limit of 3.5 GPa and Poisson's ratio of ∼0.25, Louzada et al., 2010) and albite (using Hugoniot elastic limit of 4.5 GPa and Poisson's ratio of ∼0.283, Gregson, 1964, Christensen, 1996) . We estimated the yield strength σ yield to be 2.3 GPa for troilite and 2.72 GPa for albite from Eq. (5) for longitudinal stress σ L (Melosh, 1989 ):
where σ HEL is the Hugoniot elastic limit, ν the Poisson's ratio. These rather high values for troilite or albite describe well the behavior of single crystals and as troilite grains are of small sizes, we consider it to be a good approximation.
Iron
We use literature Johnson-Cook strength model parameters for iron (Rajendran et al., 1990 ) with constants A: 175.12 MPa, B: 3799.9 MPa, C: 0.06, n: 0.32 and m: 0.55.
Olivine
We use strength properties (Table A1 ) from the literature (Brace, 1980; Bland et al., 2014; Perras and Diederichs, 2014; Christensen, 1996) , which are described in detail in Collins et al. (2004) . To represent a coarse-grained olivine matrix (e.g. 6% and 15% porous olivine), we arbitrarily assume a bulk cohesion of 111 MPa (peridotites, Perras and Diederichs, 2014) . This is ten times smaller than in Bland et al. (2014) , who chose a value of 1 GPa for chondrules. Other parameters are similar to Bland et al. (2014) . The maximum strength (for infinite confining pressure) has been estimated by Brace (1980) for olivine under tensile or compressive stress. We kept it fixed at 1.5 GPa. For a 60% porous olivine, the bulk cohesion was modified to 100 kPa, accordingly to Bland et al. (2014) .
Resolution
The iron and troilite grain resolution (cells per grain radius, CPGR) has to be chosen carefully to make sure that the obtained results are not affected by resolution . We increase the resolution proposed in Moreau et al. (2017) , who showed that resolution in their work was sufficient (24 cells per grain radius, CPGR), to account for more localized effects of the pressure. The resolution for the rectangular pores edges is 60 cells. This value has been suggested by Güldemeister et al. (2013) to simulate localized heating due to the collapse of pores accurately.
Results

Models 1-20
We compile all results from the 20 models listed in Table 1 , and illustrated in Fig. 1, into Table 2 . We estimated the post-shock temperatures and melting as described above. For configurations approaching eutectic mixtures (models 5-18), we analyzed our model results using the simplified eutectic thermal properties. In addition to Fig. 1 , where all 20 models are illustrated as sample plates, we also show the resulting post-shock temperatures and melt fractions α in a compressed state in Fig. 3 , before the release wave has unloaded the sample to normal pressure. In Table 2 the following parameters are compiled for iron, troilite and olivine: peak shock pressures, post-shock temperatures, and information on the melting with the melt fraction α and the fraction of material that reaches melting temperature. The nominal pressure (the pressure recorded in the olivine buffer plate) for the suite of models is 45.2 GPa and lies in the pressure range proposed for shock-darkening (40-50 GPa, Moreau et al., 2017) . The models no. 1 and no. 2 serve as reference cases with a spherical iron or troilite inclusion, respectively, with information on the pressure/temperature impedance with olivine in Fig. 3 . The melt fraction values are mass weighted averages of all tracers particles for a given phase.
The results are as follows:
1. In all models troilite melts with a melt fraction α from 0.14 to 0.97. In model no. 2 the material starts to melt without any influence of iron or other specific configurations and melt fraction reaches value of 0.14. The melting is localized at the lower part of the grain. This is the case for all models where the concentration of melt is localized in that region, unless heterogeneities exist (models nos. 3, 5, 13, 15). The largest amount of melt is generated in eutectic models in which troilite is mostly embedded in iron (models nos. 6, 12, 14, 16, 18 , with melt fraction α of 0.75, 0.83, 0.97, 0.75 and 0.94 respectively).
In all models, troilite shows large fractions of completely molten J.-G. Moreau et al.
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material with post-shock temperatures above the melting point (bright pink zones in melt fraction plots, Fig. 3 ). The highest recorded post-shock temperature is 1639 K (sd. = 828 K) in model no. 16. 2. Partial melting of iron occurs in eutectic models presenting convergence and superposition of shock waves from troilite grains (e.g. models nos. 6, 11, 16, 18) due to the complex geometry of the grains (see Discussion and Figs 
Models 21-26, albite
The results from the 6 additional albite models are compiled in Table A3 , in the Supplementary Material. As for models 1-20, in addition to Fig. 2 where models 21-26 are illustrated, we show the resulting post-shock temperatures and melt fraction α in a compressed state in Fig. 4 . The nominal pressure is equivalent to 45.2 GPa and models 21-22 act as references with a layer of albite (down the buffer plate) and a spherical grain of albite in olivine, with information on the pressure/temperature impedance with olivine in Fig. 4. 1. In models no. 25 and no. 26, troilite shows melt fraction α of 0.36 and 0.32, which shows a difference of −0.16 and −0.20 compared to the original model no. 5 that has the same iron and troilite configuration. However, peak shock pressures or post-shock temperatures are higher (+3 GPa, +59 K) in model no. 25 and lower (−5 GPa, −91 K) in model no. 26, compared to model no. 5. 2. In models no. 23 and no. 24, peak shock pressures or post-shock temperatures in iron are, as an example, higher (+0.5 GPa, +4 K) in model no. 23 and lower (−3 GPa, −37 K) in model no. 24, compared to model no. 1. 3. Melting of albite is observed in models 22-26 with melt fraction α varying from 0.25 to 0.84. Recorded peak shock pressures and postshock temperatures vary from 51 GPa to 58 GPa and 1423 K to 1728 K. In model no. 21, which displays a planar shock in albite layer from an olivine buffer plate, pressure ratio between olivine (nominal pressure, 45.2 GPa) and albite is 1.23, which indicates the impedance contrast between the two materials; the post-shock temperatures are 954 K in albite and 824 K in olivine, in model no. 21.
Discussion
Shock wave interactions in iron and troilite mixtures appear to be important for melting of metals and their role in the shock-darkening process. In fact, in several models (e.g. models no. 4 and no. 16), we observe the convergence and superposition of shock waves that increase the peak shock pressures in the materials. In these models we observe an increased melting of iron. In our previous study (Moreau et al., 2017) we did not find melting of iron at 45 GPa of nominal pressure because no eutectic thermal properties were considered and all iron grains were isolated and rounded (such as in the present study model no. 1). The heating of individual phases (e.g. olivine, albite) may also influence surrounding material heating, such as iron. The models satisfactorily predict that iron melting can occur at this rather low pressure, in agreement with the observations of small amounts of molten metals present in shock-darkened meteorites (Stöffler et al., 1991) . However, proportion of iron that melts remains low compared to troilite with up to a fifth of the melt fraction observed in troilite.
Pressure effects
To understand shock-induced heating of materials, one has to identify how pressure is amplified in areas where we observe stronger heating. In model no. 16, with a prolate troilite inclusion in iron, the peak shock pressures reach values of 74 GPa (sd. = 21 GPa) in troilite and 74 GPa (sd. = 28 GPa) in iron. The mechanism to achieve these Table 1 and Fig. 2 . The shock wave propagation direction is indicated by the black arrow in the first model sample plate and contours of iron, troilite and albite are indicated. The purple line in bottom of model 21 indicates that the albite layer is continuous to the bottom buffer plate. Contrasts in peak shock pressure and post-shock temperature are indicated for models. no. 21 and no. 22. Graduations are in millimeters. strongly localized pressures is illustrated in Fig. 5 . It shows how the shock wave, which propagates faster in iron, travels around both sides of the troilite grain, converges and superimposes at the center on the opposite side of the inclusion, which causes the strong rise in pressure (see also Davison, 2008) . This behavior is similar to convergent shock waves seen in spherical shock wave implosions (Kozlov and Petrovtsev, 2014) . This focusing effect is attributed to the impedance contrast between troilite and iron (Hirose and Lonngren, 1985) . If we compare the peak shock pressures in iron from models no. 1 (isolated), no. 6 (troilite inclusion) and no. 8 (iron beneath troilite), illustrated in Fig. 6 , we observe that the effect of impedance contrast between troilite and iron in model no. 8 increases the peak shock pressures by 14 GPa in iron compared to model no. 1. However, there is a weaker amplification of pressures in model no. 8 compared to model no. 6 as the contact between iron and troilite in model no. 8 is planar and no superposition of shock waves happens nearby the boundary. The impedance contrasts and converging shock waves also explain the strong rise in iron peak shock pressures in model no. 4. In this model we observe the highest peak shock pressures in iron (88 GPa, sd. = 22 GPa) from all the suite of models. In Fig. 7 the shock wave propagation through model no. 4 is illustrated. This is similar to the shock wave propagation in model no. 16 (Fig. 5) , but with an olivine interface between the troilite and iron grains that are, thus, not in contact. More details on the elongation ratio in prolate and oblate scenarios in iron are given in Moreau et al. (2017) . The figure is centered to the lower part of the model. It shows concentration of the shock wave due to the cylindrical geometry and collisions due to shock wave velocity contrast (blue arrows) between convergent shock waves, leading to a strong rise in pressure (and temperature) locally (red arrows). The snapshots are manually mirrored from the original model at x: 0.00 to have a better view of the effects. Fig. 6 . Peak shock pressures in a) model no. 1 for iron, b) model no. 6 for an inclusion of troilite in iron, and c) model no. 8 for troilite atop of iron, illustrating the effect of impedance contrast from troilite to iron in rising the peak shock pressure (values are given in the panels for iron). It also illustrates the effect of pressure concentration as seen in Fig. 5 . Iron is delineated in green and troilite in blue. The peak-shock pressures are displayed in the material before compression.
The effects of pressure reflections (e.g. from iron, see also Moreau et al., 2017) or pressure concentrations, explained above (e.g. at the bottom of iron or troilite grains), both contribute to the heating of olivine. Hence, in most models (Figs. 3 and 7 , especially model no. 4), olivine acts as a source for heating of iron either from the top (reflected pressures) or bottom (concentration of shock waves). In troilite, the olivine heat source mostly occurs at the bottom of the grains (Fig. 3) because troilite is usually hotter than olivine at the top boundary (e.g. model no. 2 in Fig. 3 ).
Frictional heating
In model no. 9, where troilite is adjacent to iron (planar contact), one can speculate on the effect of frictional heating. A contrast of ∼300 m/s in particle velocity exists at the boundary between troilite and iron (see Fig. 8 ). This is expected to cause frictional heating and, eventually, melting of both components at the boundary (unless frictional heating is negligible due to low confining pressure or until melting occurs, which may have a lubrication effect reducing the coefficient of friction significantly, Melosh, 2005, Chen and Rempel, 2014) . Frictional heating and melting could occur in all scenarios associated with high impedance contrasts, longitudinal or tilted to the planar shock front, and with large differences in particle velocity. Frictional heating is shown to produce localized shock-darkening in ordinary chondrites (Stöffler et al., 1991; van der Bogert et al., 2003) .
Iron/troilite mixtures
In Moreau et al. (2017) we provided a brief first-order estimate of the diffusion of shock induced heat from hot olivine to colder iron. In the models presented here, the same high post-shock temperature contrast exists along iron and troilite grain boundaries. The average of all eutectic models is about 546 K (sd. = 137 K) with the highest, 778 K, from model no. 14, an oblate troilite inclusion in an oblate iron grain.
In Moreau et al. (2017) we treated iron and troilite as isolated phases, which means that effects of eutectic melting were not taken into account. In unshocked ordinary chondrites, these phases are typically not extensively intermixed. Previous thermal and/or shock metamorphic processes have produced mixtures of iron and troilite in about 50% of ordinary chondrites (Schmitt, 1995 (Schmitt, , 2000 Fujita et al., 1999; Kong and Xie, 2003; Rubin, 2004; Tomkins, 2009; Mare et al., 2014) , which then may have been affected by subsequent shock events (Hirata et al., 1995) . In our models, by adapting the melting temperature and heat of fusion in mixtures of iron and troilite, melting at lower shock pressures of the two phases may be expected. However, our results show that this is not entirely true for iron. This is because the increase in entropy by the shock wave in iron is too low to reach the eutectic melting temperature and, thus, additional mechanisms are requiredsuch as convergence of shock waves, heat diffusion, frictional heatingor higher shock pressures. This explains why iron sulfides are more abundant in shock-darkening veins in ordinary chondrites than metals, Fig. 7 . Snapshots (model no. 4) of a shock wave traveling in the olivine (Ol.) sample plate through a troilite grain (Tr.) above an iron grain (Ir.) with an olivine interface between. The figure is centered to the model. It shows concentration of the shock wave due to the cylindrical geometry and collisions due to shock wave velocity contrast (blue arrows) between convergent shock waves, leading to a strong rise in pressure (and temperature) locally (red arrows). The snapshots are manually mirrored from the original model at x: 0.00 to have a better view of the effects. despite metals being more abundant in H and L ordinary chondrites (Stöffler et al. 1991; Xie and Chen, 2016; McSween et al., 1991) .
Effect of porosity and pore crushing
Ordinary chondrites generally exhibit a wide range of porosities (0% to > 20%), depending on the petrographic type, the shock stage and the ordinary chondrite type (Consolmagno et al., 1998 , Britt et al., 2002 , Britt and Consolmagno, 2003 , Sasso et al., 2009 . In our work, we assume a rather low porosity of 6% (average measured porosity in H-L chondrites, Britt and Consolmagno, 2003) . To conclude our results, we tested a porosity of 15%, and 60% (with cohesive and limited strengths reduced) in olivine within models no. 1 and no. 2 (Fig. 9 , see results in Table A4 , supplementary material). For the same flyer plate velocity, which generated 45.2 GPa of nominal pressure in all models with 6% porosity in the olivine matrix, we attained a nominal pressure of 35.7 GPa in 15% porous olivine and 8.7 GPa in 60% porous olivine, respectively. As seen in Fig. 9 , by pressure reflections, olivine acts mostly as a heat sink at lower porosity with troilite, but may act as a heat source at higher porosity (and lower pressure) for both troilite and iron. This effect increases if we apply higher shock conditions ( Fig. 9c and g panels) or higher porosity in olivine (Fig. 9b, d , f and h panels). Increasing the porosity in olivine, thus lowering the nominal pressures, increases also the temperature contrasts between olivine and iron, or troilite, when pressure reflections occur. The propagation of the shock wave, which amounts to the post-heating of olivine, in Fig. 9d and h panels, depends on the impedance contrast existing between the very porous olivine and iron/troilite, which explains the very low temperatures recorded beneath iron/troilite.
We also analysed the effects of pore crushing on an iron layer. The individual pores on top or below iron in models no. 19 and no. 20 would have a volume of 0.00017 mm 3 (cylindrical symmetry applied)
which is amongst the most frequent pore volumes found in un-compacted ordinary chondrites (Friedrich et al., 2008) or other petrographic type ordinary chondrites (pore size and geometry, Jones, 2009) . Effects of pore crushing were studied in experiments (Kowitz et al., 2013) and mesoscale modelling in sandstones (Güldemeister et al., 2013) and the results of these studies are similar to what we observe in our models. Impact shock is known to produce localized melting (hotspots) at low pressures by pore crushing. Fig. 10 shows the effects of pore crushing within a series of snapshots from model no. 19, in which a pore lies on top of an iron layer. We emphasize here the resulting strong heating/melting of olivine and the localized weak heating/melting of iron. In this case, the hotspot in olivine could easily lead to heat diffusion into iron, causing melting.
Albite
We have seen that olivine can act as a heat source or sink depending on the shock conditions. This effect of heat source or sink is even more pronounced with albite. Using albite, in models no. 1 and no. 5, brings Fig. 9 . Post-shock temperature panels for a-d) model no. 1 at 6% porosity olivine, 15% porosity olivine, 15% porosity olivine equalized to 45 GPa nominal pressure (higher flyer plate velocity), and 60% porosity olivine, e-h) model no. 2 at 6% porosity olivine, 15% porosity olivine, 15% porosity olivine equalized to 45 GPa of nominal pressure (higher flyer plate velocity), and 60% porosity olivine. Nominal pressures from a) to b), to d), or e) to f), to h), are different because the flyer plate, at same velocity, generates lower shock pressures in more porous olivine layers. Contour of iron and troilite are given in the figure. The % value is olivine porosity and N is the nominal pressure. Fig. 10 . Snapshots (model no. 19) of a shock wave traveling in the olivine (Ol.) sample reaching an empty pore (delineated in blue) on top of an iron (Ir.) layer. It shows the two stages of pore crushing: low impedance reflection with low pressures followed by a pressure reflection several orders of magnitude higher than the nominal pressure when the pore is closed. The reflected shock wave spreads and then weakens. The snapshots are manually mirrored from the original model at x: 0.00 to have a better view of the effects. The cylindrical symmetry does not provide very accurate pressures along the axis of symmetry, which produces an artefact. some understanding on currently observed inter-mixed melting of albite and metal or iron (Tomkins, 2009 , Tomkins et al., 2013 . Two effects that were discussed above must be taken into consideration: the pressure impedance between the different phases and the shock entropy of albite.
1. The impedance contrast between albite and iron, or troilite, and the differences between models no. 1 and 23-24, and models no. 5 and 25-26, show that albite influences the peak shock pressures (heating) and the pressures distribution within troilite and iron. Without exploring the effect further, we observe an increase or decrease of pressures depending on the position of albite to the direction of the shock wave. Also, the contrast of pressure and temperature change highlighted in Fig. 3 in models no. 21 and no. 22, between olivine and albite, illustrates well the importance of pressure effects in spherical grains compared to planar layers. 2. Shock entropy in albite is important to explain the inter-mixed melting of iron, troilite and albite observed in ordinary chondrites. Shock-heating of albite is more important than in olivine, iron, and troilite. In our work, melting of pure albite occurs at ∼40 GPa, < ∼16 GPa than troilite, which has a melting temperature close to albite. Looking at models no. 2 and no. 22, a grain of albite experiences post-shock temperatures > 100 K than a grain of troilite under the same shock conditions (45.2 GPa nominal pressure and 6% porous olivine). In models 23-26, the temperatures in albite reach very high values and cross the melting temperature of noneutectic iron and, thus, eventually entraining iron melting by heat diffusion, which explains the observations in Tomkins (2009) and Tomkins et al. (2013) .
Troilite melting
Our previous study (Moreau et al., 2017) claimed that in LL chondrites 20-30% of the whole troilite phase reaches melting temperature at 45 GPa of nominal pressure (rounded troilite grains mostly melted on their own with weak influence of iron). This estimate, however, did not take into account the inhibiting effect of heat of fusion in limiting the extent of melting. Thus with the new procedure we can improve our estimates of the proportion of partial melting. In model no. 2, 27% of troilite material is melting (close to values in Moreau et al., 2017) , and yet we provide a partial melt fraction α of 0.14. In this case, only half of the material at melting temperature actually melted after taking into account heat of fusion.
To complete our results, we studied the evolution of troilite melt fraction α over a range of nominal pressures in model no. 2. The resulting melt fractions α are compiled in Fig. 11 . We observe that troilite starts to melt at pressures below 35 GPa, up to ∼60 GPa, at which point all the material reaches the melting temperature (grey line in Fig. 11 ) with a melt fraction α equal to 0.77. As we used a Tillotson EoS for this phase, integrating varying heat capacities from Eq. (1) and heat of fusion from Eq. (2) is a necessary step when applying a Tillotson EoS within the iSALE code and working out accurate temperatures and melting. In short, the specific shock energy must be sufficient to reach the melting temperature and then to overcome the heat of fusion to have a fully molten material with α = 1 as calculated in Eq. (2). Such results demonstrate the complexity of shock induced melting in heterogeneous materials. Shock pressures may be amplified due to impedance contrast between different material phases and the geometry of grains, but eutectic melting may play some role, and diffusion of heat and additional heat generation by friction are not negligible to explain shock-darkening in ordinary chondrites. We also show that iron needs pressures much higher that 60 GPa to melt in a single shock event. The model no. 1, with a nominal pressure of 65 GPa, shows no melting of iron. Therefore, all shock pressure amplification effects have to be taken into account to reach melting of iron.
Interpreting shock melting
Comprehending the pressure effects and the precursor material may explain observed melting of iron sulfides and metals in the shock-darkening fabric and the intermixed melt of silicates as presented in this work. However there are observations that we cannot reproduce in our work or that contradict our results, such as melting features described in Fig. 3B in Tomkins (2009), or Fig. 2 in Tomkins et al. (2013) for the NWA 869 meteorite (Metzler et al., 2011) . The NWA 869 meteorite is classified as shock stage 3 (15-20 GPa), but containing clasts of higher and undetermined shock stages, such as shock-darkened clasts, from previous impact events on the parent body. The mentioned figures (Tomkins, 2009 , Fig. 3B, or Tomkins et al., 2013 2) both display metal grains adjacent to troilite grains in a configuration similar to models 7-9. The troilite grains do not show melting features, but the metal grains display an intermixed melt of silicates and metals. The absence of troilite melting might be explained by the shock conditions (15-20 GPa), whereas melting of metals must be explained by other pre-shock or shock mechanisms (e.g. a combination of pore crushing hotspots, plagioclase heating, or very localized concentration of shock waves that ramped up to very high shock pressures). Thus, our results, and observations, can only reproduce simplified conditions of metal, iron sulfide, and silicate melting, and our observations rely on the observations of shock-darkening and the more abundant melting of iron sulfides over metals (Stöffler et al., 1991; Schmitt, 1995 Schmitt, , 2000 Xie et al., 2014) .
Conclusion
We provide more realistic shock-melting simulations through implementing more sophisticated and realistic assumptions on the thermal properties of the mineral phases and by introducing eutectic mixtures of metals and iron sulfides in specific grain configurations. These improvements result in a revised assessment of shock-induced melting of iron sulfides (troilite) and metals (iron) in shock-darkened ordinary chondrites. In all models, troilite is always partially molten at a nominal pressure of 45 GPa. Higher melt fractions are observed, between 0.16 and 0.97, in troilite when it is in eutectic mixtures with iron and mostly embedded in it. In non-eutectic models (isolated troilite grain, or nearby an iron grain), troilite melting occurs with melt fraction between 0.14 and 0.43 maximum. For a nominal pressure of 60 GPa in an isolated troilite grain we find that the melt fraction reaches a value of 0.77. Iron starts to melt in only a few models at 45 GPa nominal pressure; these models either involve a strong amplification of the shock wave (e.g. in the eutectic mixture of a prolate grain of iron with a troilite inclusion, showing large impedance contrast between the two phases), leading to an increase in shock pressure in iron, or a localized heating by pore crushing. Our results confirm that iron sulfides are the dominant melt fraction over metals in shock-darkened ordinary chondrites with eutectic properties resulting in the melting of metals. We also observed configurations, such as frictional heating or strong diffusion of heat, in which localized melting of metals may occur. Finally, we observed that, at any porosities (6%, 15%, 60%), olivine can act as a heat source for iron and troilite grains due to effects of pressure reflections or concentrations. We also observed that albite is an efficient heat source for iron or troilite, compared to olivine, and can cause melting of any surrounding phases if heated strongly enough.
